We report on a boy with a rare malformative association of scrotum agenesis, ophthalmological anomalies, cerebellar malformation, facial dysmorphism and global development delay. The reported patient was carrying a homozygous frameshift in MAB21L1 detected by whole-exome sequencing, considered as the most likely disease-causing variant. Mab21l1 knockout mice present a strikingly similar malformative association of ophthalmological malformations of the anterior chamber and preputial glands hypoplasia. We hypothesize that MAB21L1 haploinsufficiency cause a previously undescribed syndrome with scrotal agenesis, ophthalmological anomalies, facial dysmorphism and gross psychomotor delay as remarkable hallmarks. Four cases from the literature were reported with features suggestive of a similar and recognizable clinical entity. We hypothesize that MAB21L1 should be the culprit gene in these patients.
Congenital malformations of the scrotum include scrotal hypoplasia, bifid scrotum, accessory scrotum, penile scrotal transposition, ectopic scrotum and agenesis of scrotum. The congenital agenesis of scrotum is an extremely rare clinical finding with only nine unrelated cases reported in literature with bilateral (6/9 cases) or unilateral (3/9 cases) scrotal agenesis (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . In six of the patients, this abnormality was associated with various syndromic features including gross psychomotor delay, facial dysmorphism, ophthalmological abnormalities, cerebellar malformations, or gastrointestinal defects (2) (3) (4) (5) (7) (8) (9) (10) . Several syndromes are known to be associated with scrotal agenesis, including cutis marmorata telangiectasia congenital (7), Prader-Willi syndrome, PHACE syndrome (9) , popliteal pterygium syndrome (5) . The majority of clinical reports focused on the reconstructive surgery procedures, with few general examination details. More recently, a family with three affected siblings born from a consanguineous union was reported, including one boy presenting with scrotal agenesis and two girls with absent labia major, associated with ophthalmological anomalies, gross psychomotor delay (6, 10) . These familial cases presented syndromic features overlapping with a previous clinical report, suggesting the existence of a previously described autosomal recessive syndrome with scrotal agenesis (4) . No genetic result was reported and no molecular basis was known to be associated with syndromic scrotum agenesis.
Patient and methods

Patient report
We report an Algerian boy, born from healthy first-cousin parents (Figs 1 and 2a) . Clinical data can be assessed at https://phenomecentral.org/P0000985. There was no family history of a similar disorder. The patient had two healthy sisters and a healthy brother. He presented with facial dysmorphism including buphthalmos, synophrys, anteverted nares, long and tented philtrum, low anterior hairline and hirsutism. The hallmark of the clinical presentation was a scrotal agenesis with normal median raphe and normal penis. Testes were localized at the inguinal ring, with normal echogenicity. A reconstructive surgery of the scrotum was performed, to externalize the testes from the abdomen (Fig. 1d,e) . Patient 1 was examined at 5 years of age, with normal growth parameters, including occipito-frontal circumference. He had severely delayed psychomotor acquisitions with absent walk (sitting position possible), behavioral troubles of the autism spectrum disorders, stereotypies and absent speech. Brain magnetic resonance imaging diagnosed a cerebellar malformation typed as a Dandy-Walker malformation (Fig. 1f) . The ophthalmologic examinations revealed nystagmus, convergent strabismus and corneal dystrophy (Figs. 1a-c) . At last evaluation, he was 8 years of age. Growth parameters were in normal range with weight: 20 kg (3rd), height: 116 cm (3rd), OFC: 50 cm (3rd). Morphological evaluation noticed the low anterior hairline with short forehead, anteverted nares, prognathia. Ears were low-set and posteriorly rotated. Extremities were slender, with no arachnodactyly. Abdominal and heart surveys were normal. Endocrinologic evaluations excluded a gonadal dysgenesis with normal assays for follicle stimulating hormone (FSH), luteinizing hormone (LH) and total testosterone. The anti-mullerian hormone levels were physiologically elevated (117.4 ng/ml). Array CGH analysis was normal. Informed consent was obtained for publication. The local ethics committee approved this study.
Exome sequencing
The whole-exome sequencing of the proband was performed, using the familial specimen to test the segregation of candidate variations (Integragen SA, Evry, France). Genomic DNA was extracted from a peripheral blood sample and captured with the SureSelect Human All Exon V2 kit (Agilent, Santa Clara, CA), using three micrograms of DNA. The resulting libraries were sequenced on a HiSeq 2000 (Illumina, San Diego, CA) as paired-end 75 bp reads in accordance with the manufacturer's recommendations. BAM files were aligned to a human genome reference sequence (GRCh37/hg19) using BWA (Burrows-Wheeler Aligner; v0.7.6) and duplicate paired-end reads were removed by Picard 1.77 (www.picard.sourceforge.net). Indel realignment and base quality score recalibration were conducted with Genome Analysis Toolkit (GATK; v2.1-10). This gave 3910664557 base reads. Variants were annotated with SeattleSeq SNP Annotation (snp.gs.washington .edu/SeattleSeqAnnotation138/). Average base coverage depth being 67.61, 92.9% targets bases being covered at 20× and 67.4% at 100×. Rare variants present at a frequency above 1% in dbSNP 138 (http://www.ncbi .nlm.nih.gov/projects/SNP/), the NHLBI GO Exome Sequencing Project (http://evs.gs.washington.edu/EVS/) or present in 69 local exomes of unaffected individuals were excluded. Candidate variants and segregation analysis were confirmed by standard polymerase chain reaction and Sanger sequencing of DNA extracted from peripheral blood. Homozygosity mapping was performed on the raw vcf file using homozygosity mapper (http://www.homozygositymapper.org/) with the following parameters: minimum coverage of 10 reads for all variants mapping to RefSeq, only homozygous blocks longer than 100 pb were detected.
Results
During the analysis, a total of 631 rare variants affecting the coding sequence were identified with 538 missenses, 14 frameshift, 15 nonsense, 5 splice-site mutations, 4 synonymous-near-splice and 55 variants affecting exon-intron boundaries. The analysis focused on homozygous variants. A total of 18 rare homozygous variants affecting the coding sequence were identified (Table S1 , Supporting information). Only one homozygous truncating variant was detected, affecting MAB21L1, and was considered as the best candidate for the clinical presentation (chr13:g.36049541dupC; NM_005584.3:c.735dupG; p.Cys246Leufs*18). This variant was homozygous in the proband, heterozygous in both parents, and absent from the two unaffected siblings who were tested (Fig. 2b) . Looking for homozygous regions on the exome data, a large stretch of homozygosity was identified on chromosome 10 ( Fig. 1) . This interval did not contained variant deemed as candidate. Three additional intervals of homozygosity observed in chromosomes 3, 13 and 14 were suggestive of identity by descent. A homozygous missense change of unknown significance in COL4A1 was detected in the proband. Autosomal dominant variations of COL4A1 are associated with a wide spectrum of brain small vessel diseases (MIM #611773, #607595, #175780, #614519). The family history of both parents was negative for any brain hemorrhage event. Since the variant was classified as of unknown significance, it was not mentioned to the family.
Discussion
Literature review identified nine cases reported with congenital scrotal agenesis, mainly in surgical reconstructive strategies journals (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . In these reports, the clinical data available were often limited and reviewed here. All the affected boys with bilateral agenesis of scrotum presented normal median raphe, flat and non-rugose skin between the base of the penis and anus. They had undescended but normal testes. Endocrinology tests revealed normal levels of LH, FSH and testosterone. When performed, the standard karyotype analyses were normal. Most of the patients underwent a satisfactory reconstructive surgery. There are few differential diagnoses that can be mentioned, more for the scrotal hypoplasia than the agenesis, associated with normal phallus can notably be suggestive of Prader-Willi syndrome (MIM #176270), genitopatellar syndrome (MIM# 606170), or popliteal pterygium syndrome (MIM# 119500). Scrotal agenesis was reported as isolated in 3/9 patients (Patients 3, 7 and 9) but was a hallmark feature of a syndrome in 6/9 patients (Patients 2, 4, 5, 6, 8 and 9). For these four patients, the available clinical findings were compared to our case and included: coarse facial dysmorphism (2/5), gross psychomotor delay (2/5), and intellectual disability (2/5). A broad spectrum of clinical features was associated including ophthalmologic abnormalities (4/6), clubfeet (2/5) ( Table 1) . Several hypotheses to explain the scrotal agenesis were proposed in the literature including a dermatological anomaly or the presence of amniotic bands that may cause the loss of scrotal skin. However, these hypotheses seem unlikely because of the presence of a normal raphe median in the reported cases (4) . The association of scrotal agenesis with dihydrotestosterone was hypothesized in the literature (4) . Hormonal assays performed in our case were normal. However, functional work on MAB21L1 function may evidence its role in steroid biogenesis.
In our case, we considered the haploinsufficiency of MAB21L1 as the likely cause of the whole phenotype. In public database for human genetic variants, namely in ExAC and NHLBI GO Exome Sequencing Project, no homozygous loss-of-function variants in MAB21L1 gene were reported. In addition, this gene is absent from the list of genes that are completely knocked out in healthy humans by rare loss-of-function mutations suggesting a highly conservation of MAB21L1 sequence (11) . The MAB21L1 gene encodes a 359 amino acid protein mainly expressed in the neural tube, cerebellum and lens (12) . In vertebrates, the MAB-21 family proteins are conserved and showed 90% amino acid sequence similarity (13) . Autosomal dominant missense mutations of MAB21L2 cause a different Mendelian disorder including isolated ophthalmological anomalies and an oculo-skeletal syndrome with intellectual disability (14) (15) (16) . In mouse, during the embryonic development, Mab21l1 is expressed in the midbrain, branchial arch, spinal cord, limb buds, eyes and reproductive organs. The mice knockout for Mab21l1 gene displayed eye and preputial glands anomalies. The eye phenotype included a wide spectrum of anterior chamber anomalies including absent ciliary bodies and iris, lens anomalies, abnormal cornea (17) . The hypoplasia of preputial glands was the only uro-genital phenotype reported in Mab21l1 −/− mice (17) . The existence of preputial glands in human is debated but some authors hypothesize that the pigmented scrotal skin, with numerous sebaceous glands shares histological and functional similarities with rodent preputial glands (18, 19) . The scrotum derives from the differentiation of the labioscrotal folds, under the dependence of the TGF-beta/BMP pathways (20, 21) . Considering the possible implication of MAB21L1 and MAB21L2 in the BMP pathway, additional work to characterize the interplay between MAB21L1 and the BMP pathway in the genital development is needed.
In conclusion, we delineate an ultra-rare disorder characterized by the association of scrotal agenesis, cerebellar malformation, anterior chamber of the eye anomalies, gross psychomotor delay and facial dysmorphism. We hypothesize that this condition is caused by autosomal recessive mutations of MAB21L1 based on genetic and developmental arguments. The demonstration of this hypothesis will rely on the genetic replication of this finding in the reported cases of the literature (4, 6, 10).
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